INTRODUCTION
The theory of shells is formulated by reducing the relations in three dimensional continua under the so-called Kirchhoff-Love hypothesis to those in two dimensional continua which are expressed by the quantities of the middle surfaces of shells.
This paper aims to present a general formulation for elastic shells under the KirchhoffLove hypothesis with particular emphasis on geometrical nonlinearity. There are two ways to formulate shell theories; one directly using the energy principles for elastic continua's, the other being the integration of equilibrium equations for three dimensional continua with respect to thickness component of shells7)-9). The latter can be understood as a variation of static methods.
The formulation based on energy principles involves complicated mathematical manipulation, and further the boundary conditions are obtained only under the restrictions of small strains and small rotations3),6).
On the other hand, the mathematical procedure involved in the integration method is not so complex as the former, particularly when tensor expression is utilized.
The physical meanings which are clear in the equilibrium equations will not be lost in integration, and hence the meanings of the resulting equations are also obvious.
This integration has been tried to derive the small displacement theory of shells7), 8) , and to discuss the effectiveness of Lagrangian expressions of stress resultant tensors and others in the finite displacement theory of shells9). In those papers, however, attention has been paid only on field equations, and thus the boundary conditions compatible with the field equations have not been discussed. Although Sanders1) and Koiters6) have derived the strain-displacement relations and equilibrium equations in finite displacements on the basis of the Kirchhoff-Love hypothesis, appropriate constitutive equations have not been found.
The rigorous treatment for the elastic constitutive equations of shells has only been discussed by Seide2), Naghdi and Nordgren3), utilizing strain energy functions.
Here in this paper, by making use of tensor expressions7), an unified finite displacement theory for elastic thin shells is derived by integrating the well-established equilibrium equations for three dimensional continua with respect to the shell thickness. Particular interest i s given to present the rigorous boundary conditions and constitutive equations consistent with the field equations for the finite displacement theory of shells which have remained to be resolved.
STRAIN TENSORS IN TERMS OF METRIC AND CURVATURE TENSORS
The right-hand curvilinear coordinates (x1, x2, x3) are defined in the three dimensional space containing the body, in which the coordinates (x1, x2) are on the middle surface of a shell, and the coordinate x3 is normal to the surface. Position vectors s and r are covariant base vectors ai and gi are defined before deformation of a shell with thickness h as shown in Fig. 1 Symbol MB is understood as the erdr-component of resulting moment per unit length of the middle surface acting on the section normal to a, in which ea,a is the permutation symbol of second order, and Qa is resulting external force. Equilibrium equations (17) and (24) resulting from Eq. (13) and Eq. (21) respectively have been obtained by a similar procedure as employed by Flugge7) for the small displacements of shells.
As indicated by Eq. (23), the d3-component of moment is always equal to zero.
Therefore, the number of independent equilibrium equations becomes five in all, three from Eq. (17) and two from Eq. (24). Those equilibrium equations in finite displacements agree, though expressed differently, with the results given by Sanders'.
(2) Mechanical Boundary Conditions Consider a deformed infinitesimal triangular element which is surrounded by boundary dsg2 and coordinates dx3 as shown by the shaded portion in Fig. 2 . The equilibrium of forces acting on sections dAi and dA for this element is given by In the derivation of Eq. (29), the integral of u3, 3dA8dx3 has been neglected because of higher order infinitesimal quantity and p in Eqs. (27) has been replaced by fi without detriment to the consequence, in order for the expression of Eq. (29) to be consistent with that of Eq. (17).
As for the derivation of Eq. (24), the equilibrium of moment for the triangular element can be obtained from Eq. (26) as Symbol Moi is component of external force T on the boundary, which corresponds to resulting moment as defined by Eq. (25a).
Equations (29) and (32) give the mechanical boundary conditions, the number of which totals five. Mathematically, however, four boundary conditions are necessary and sufficient from the order of the corresponding differential equations. Thus as discussed by Kirchhoff10), torsional moment in Eq. (32) must be replaced by the equivalent couple of forces and added to the boundary condition of forces of Eq. (29).
For the simplicity in writing, the left and right hand sides of Eq. (29) are denoted by F and F, as given by F=easvr(Naas-Qaasl=Fia; which express external forces and stress resultants respectively.
In a similar way, the left and right hand sides of Eq. (32) in which integration constant is trivial and thus ignored. Equation (69) is the substantial form of rotation w2 to be used for the expression of the geometrical boundary condition of Eq. (58.b). As obvious from Eq. (62), the artificial condition of Eq. (67) physically means that the value of a3/a be given on the boundary. Meanwhile, as indicated by Eqs. (62) and (69), w2 is the alcomponent of a3/a irrespective of the a2-and a3-components as given by B32/a and B33/x2 respectively.
Thus, the geometrical boundary condition given by o 2 is equivalent to the value only of B31/a being given. Saying differently, the condition of Eq. (67) The formulation presented in this paper has first made it possible to derive the accurate boundary conditions for finite displacements.
CONSTITUTIVE EQUATIONS
The stress-strain relationship for isotropic homogeneous elastic continua is given by7) Symbol bba that appears in the right hand side of Eq. (75) Kira=-(b-a-bra)
The constitutive equations have been obtained by substituting the elastic stress-strain relation of the material into the definitions of the stress resultants as given by Eqs. (18.a) for N and Eq. (25a) for Mab. Seide2) used similar definitions as above, but has expressed the resulting constitutive equations only in a vague form. The derivation of the constitutive equations above seems similar to that of Tosaka and Tsuboi11) However, it should be noted that Tosaka et al. used Cauchy's (Euler's) stress tensors for expressions, while this paper has presented the constitutive equations on the basis of Kirchhoff's stress tensors.
DISCUSSIONS
Throughout the procedure presented in this paper, the tensor quantities for the original state and for the deformed state are defined in an identical way. This definition at the deformed state has greatly facilitated the mathematical formulations of shells. The use of these tensor quantities together with the direct integration of equilibrium equations for three dimensional continua with respect to thickness has simplified the derivation of the finite displacement shell theory, compared with the use of the energy principles2), 3) Stress tensor o has been defined for the undeformed unit area. On the other hand, if it is defined for the deformed unit area, quantity /a/a (u/u)Xk must be used in place of body force Xk in Eq. (13), resulting in somewhat complicated expressions.
Integration for the equilibrium equations has been performed over the deformed domain of a shell. This is because the equilibrium Eqs. (17) and (24) are expressed by deformed tensor quantities such as Na and Mab. If integration is performed over the undeformed domains, the derivations of Eqs. (17) and (24) are much more complex.
In this paper, the metric tensors and curvature tensors of the middle surface at the deformed state have been chosen as unknowns. Position vectors of the deformed middle surface is expressed as s=s-u (23) is always equal to zero because of the symmetry of stress tensor. This is consistent with the fact that the number of unknowns is equal to that of the governing equations.
This proof has first been systematically ascertained here for finite displacements, although it has widely been recognized for small displacements7.
The exact boundary conditions including rotations have first been presented for finite displacements as given by Eqs. (40), (41), (58) and (69) Among the moments acting on the boundary, the torsional moment L1 of the u1-direction is considered as shown in Fig. A1 with the boundary coordinates aa and as. It is supposed that torsional moment L1dx2 acts on point A on the boundary, while (L1+dL1)dx2 acts on point B infinitesimally apart from point A, where dL1 indicates the increment of Ll toward the a2 -direction.
Torsional moment Ldx2 is transformed to a couple of forces Z and Z acting on the points apart from point A by (1/2) a2dx2 in the negative and positive directions respectively, with additional force S acting on point A which results 
